Homozygous (bg/bg) and heterozygous (bg/+) beige mice were infected with Toxoplasma gondii, and splenic and peritoneal natural killer (NK) cell activities were assayed against YAC-1 lymphoma (NK-YAC) and thymocyte (NK-THY) targets. Although uninfected bg/bg mice were devoid of NK-YAC activity when compared with bg/+ mice, NK-THY activity was at a completely normal level. Both effector cells showed NK-1.2+ Thy-1.2+ asialo GM1+ asialo GM2+ phenotype. T. gondii infection induced a marked augmentation in splenic NK-YAC activity of bg/+ mice, whereas a slight increase was shown in the bg/bg mouse spleen cells. On the other hand, the infection did not change the splenic NK-THY activity of either strain of mice. An increased expression of Thy-1.2 antigen was shown on both NK-THY and NK-YAC effector cells from the infected mouse spleen. The T. gondii-induced augmentation was dramatic in the peritoneal cavity of the both mice. The activated peritoneal NK cells were of the NK-1.2-Thy-1.2+ asialo GM1+ asialo GM2+ phenotype and were considered to be generated from functionally inactive peritoneal cells. Splenic effector cells obtained from the infected mice were selectively depleted with target cell monolayer, whereas peritoneal cells from the infected mice were strongly absorbed by the target monolayers without selectivity. A weak but significant interferon (IFN) titer was detected in the peritoneum, but not in the spleen, of the infected mice. Most of the IFN titer was acid labile. Treatment with anti-IFN-a/o resulted in partial decline of both NK and IFN activities of bg/bg mice, but not bg/+ mice. Thus, involvement of both IFN-a/I and IFN--y in the generation of peritoneal NK cells and IFN-independent augmentation of splenic NK cells in toxoplasmosis were suggested. Natural killer (NK) cells are detected at high levels in normal unsensitized hosts and are considered to play an important role in the defense against infection (5, 23, 28, 33) and tumor growth (13). In the previous investigation (16), we found that infection with Toxoplasma gondii, an obligate intracellular protozoan parasite, resulted in marked augmentation of mouse spleen NK activity in the very early stage of the infection, followed by a decline to a lower level than in the uninfected control. This early augmentation of splenic NK activity seemed independent of host interferon (IFN) level since we failed to detect IFN in the serum and spleen when host NK activity was elevated. The suppressed NK activity in the later phase of the infection could not be restored by treatment with IFN in vivo or in vitro. In addition, thymocytes of the infected host showed reduced sensitivity to NK cell-mediated lysis compared with normal thymocytes (17). Alteration of NK activity in the T. gondiiinfected host was also observed by Hauser et al. (12) . A positive correlation between NK activity and serum IFN level was shown in hosts infected with murine and humnan malaria parasites (15, 29). The resistance of inbred strains of mice to malaria parasites was correlated with the level of endogenous NK activity and intensity of NK augmentation during the infection (9). Increased susceptibility to leishmaniasis was demonstrated in mice with the recessive beige gene, which causes a profound depression of NK activity (20) . Considering these data together, it would seem that NK cells play a considerable role in resistance to infection with protozoan parasites.
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In the present paper, I investigated the effect of T. gondii infection on the NK cell system of homozygous beige (bg/bg) mice. Compared with heterozygous (bg/+) mice, bgobg mice 973 show severely decreased levels of conventional NK activity (3, 31, 38) and increased susceptibility to microbial infections (8, 22, 33) and certain tumor cells (3, 18, 37) . The results obtained here indicated that bglbg mice exhibited normal levels of NK activity against thymocytes (NK-THY) in contrast to an impairment against YAC-1 lymphoma (NK-YAC). Three days after infection with T. gondii, different augmentation effects appeared in these two NK activities, depending on the lymphoid organs and mouse strains. The characteristics of the T. gondii-induced NK-THY and NK-YAC effector cells were investigated by using antisera to surface markers or IFN reagents.
MATERIALS AND METHODS
Mice. Breeding pairs of beige mice (C57BL/6J background) were obtained from the National Institute of Radiology Science of Japan and bred in our facility under strict specific pathogen-free conditions. Both sexes of bg/bg and bg/+ mice were used between 6 and 9 weeks of age. Male CE/J mice (Jackson Laboratory, Bar Harbor, Maine) and CBA/J mice (our colony) were used for preparation of anti-NK-1.2 serum. BALB/c mice (our colony) were used as thymocyte donors. Outbred ddY mice (Shizuoka Agricultural Cooperative Association for Laboratory Animals, Hamamatsu, Japan) of both sexes were used for the preparation of toxoplasma parasites.
Infection with toxoplasma. Tachyzoites of the relatively avirulent Beverley strain of T. gondii were obtained from the peritoneal cavity of the infected mice (16 (16) .
Antiserum treatment. The serum of CE/J mice immunized with spleen cells of CBA/J mice by nine weekly-injections was used as anti-NK-1.2 serum (6) after adsorption with an equal volume of erythrocytes from C57BL/6J mice to eliminate nonspecific effects. Rabbit antiserum to asialo GM1 was donated by M. Naiki, Hokkaido University, and that to asialo GM2 was donated by T. Taketomi, Shinshu University. Monoclonal anti-Thy-1.2 antibody (clone F7D5) was purchased from Olac 1976 Ltd., Bicester, Oxon, England. Serum of a 3-week-old rabbit (Funabashi Farm, Funabashi, Japan) was used as a complement source after checking for the absence of toxocity against mouse spleen and thymus cells. Effector cells were incubated with antiserum at room temperature for 40 min. After spinning, complement was added to the pellet and incubated for another 40 min at 37°C, followed by three washings.
Target binding cell assay. (16) . The spleen was passed through a stainless steel screen and suspended in 1 ml of minimum essential medium; 1 ml of minimum essential medium was injected into the peritoneal cavity and recovered. These samples were centrifuged, and the supernatants were collected. Rabbit antiserum to mouse IFN-cx/1 with the ability to reduce 3,200 U of IFN-a/I to 10 U in vitro (gift from Y. Ito, National Institute of Health) was injected intraperitoneally.
All of these experiments were repeated two to four times with more than four mice per group, and representative results are indicated. RESULTS Induction of NK activity by T. gondii infection. bg/bg mice showed marked impairment of cytotoxicity against YAC-1 target cells (NK-YAC) compared with the bg/+ mice ( Fig.  1 ), confirming the results obtained by others (3, 31, 38) . However, no significant difference between these mouse strains was revealed on thymocyte target cells (NK-THY). Both strains of mice displayed similar NK-THY activity over a wide variety of effector/target cell ratios, irrespective of the thymocyte source (bg/bg, bgl+, or unrelated strains of mice; unpublished data). In this paper, we used BALB/c mice, 2 to 4 weeks of age, as thymocyte donors.
Infection with T. gondii (3 days after intraperitoneal inoculation) resulted in marked augmentation of NK-YAC activity in spleen, bone marrow and peritoneal exudate cells of bg/+ mice ( Fig. 1) , as previously indicated with other thymocytes. Both YAC-1 and thymocytes were killed by peritoneal effector cells of infected bg/bg mice that were depleted of plastic dish and nylon wool column-adherent cells ( Fig. 2 ; data for thymocytes not shown). In contrast, adherent cells harvested from the plastic dish showed a total lack of cytotoxicity against these target cells. It was unlikely that the adherent cells were inactivated during cell preparation since adequate killing was revealed on EL-4 cells, a lymphoma line known to be sensitive to macrophage-mediated lysis (1) .
Surface phenotype of T. gondii-induced NK cells. Our previous experiments (16, 17) and preliminary observation (unpublished data) revealed that both NK-THY and NK-YAC effector cells of uninfected mice expressed NK-1.2, asialo GM1, and asialo GM2, but Thy-1.2 antigens only weakly (NK-1+ Thy-1+ asGM1+ asGM2+), and there were no quantitative or qualitative differences in the phenotypes between bglbg and bg/+ mice and lymphoid organs. Table 1 shows the results of pretreatment with antiserum or monoclonal antibody plus complement of effector cells from T. gondii-infected bg/bg and bg/+ mice. Splenic effector cells were sensitive to treatment with anti-NK-1.2 plus complement, indicating an NK-1+ phenotype (Table 1) . However, peritoneal cells of the infected mice resisted the treatment at least in part. Thus, it was indicated that highly activated peritoneal NK cells express low amounts of NK-1.2 antigen (NK-1+ phenotype). Alternatively, NK-1-effector cells were generated by the infection. There seemed to be no difference in sensitivity to this treatment between bg/bg and bg/+ mice or NK-THY and NK-YAC activities.
Treatment with anti-Thy-1.2 plus complement led to considerable suppression in both NK activities of splenic and peritoneal effector cells of the infected mice (Table 1) . It appeared that effector cells from the infected bg/bg mice, especially those in the peritoneal cavity, expressed more Thy-1.2 antigen.
Splenic NK activities of the infected mice were abolished remarkably by treatment with anti-asialo GM1 and antiasialo GM2 plus complement, in contrast to only partial reduction in the treated peritoneal effector cells. Treatment with anti-asialo GM2 plus complement induced a stronger suppressive effect than that with anti-asialo GM1 plus complement. No apparent difference was observed between the sensitivities of bg/bg and bg/+ effector cells to these treatments.
From these findings, participation of NK-1+ Thy-1+ asGM1+ asGM2+ cells in both NK-THY and NK-YAC activities was suggested in the spleen and bone marrow of both strains of the infected mice. On the other hand, NK-1-Thy-1+ asGM1+ asGM2+ cells were considered to be involved in NK-THY and NK-YAC activities in the peritoneal cavity of the infected mice.
Capacity of T. gondii-induced NK cells to bind with target cells. The proportion of effector cells capable of binding to target cells was determined (Fig. 3) c Effector/target cell ratios were as indicated in Fig. 1 bg/bg and bg/+ mice showed a similar adsorption profile. This monolayer adsorption tests was not applicable on peritoneal effector cells of the uninfected mice because of their very low cytotoxicity.
On the other hand, selective depletion of NK-THY and NK-YAC activities was demonstrated when spleen cells from the infected bg/bg and bg/+ mice were applied to the target monolayers (Table 2 ). In this case, NK-THY activity was depleted strongly with the thymocyte monolayer, but to a less extent with the YAC-1 monolayer, whereas NK-YAC activity was depleted strongly with the YAC-1 monolayer, but only partially with the thymocyte monolayer. However, no such selective depletion could be observed using highly activated effector cells, peritoneal cells from the infected bg/bg and bg/+ mice. After adsorption of these peritoneal effector cells on either of the monolayers, both NK-THY and NK-YAC activities were strongly abrogated without apparent selectivity.
Effect of anti-IFN-ot/ on T. gondii-induced NK activities. The effect of T. gondii infection on the cytotoxicity of bg/bg mice was compared with that of poly(I-C) injection, which is known to augment NK activity via IFN-cx/ production in conventional mice (7) . The injection of poly(I-C) in bg/bg mice led to a considerable augmentation in both NK-THY and NK-YAC activities in the lymphoid organs tested (Fig.  4) , although the intensity of the augmentation was obviously less than that seen in the poly(I-C)-injected bg/+ mice (data not shown). When spleen and bone marrow effector cells were tested, a greater NK augmentation effect was obtained by poly(I-C) injection than by T. gondii infection. In the peritoneal cavity, however, T. gondii exerted a superior effect in activating both NK-THY and NK-YAC activities. A high titer of IFN was detected in the serum, spleen, and peritoneal fluid of the poly(I-C)-injected mice (496, 290, and 64 U, respectively) and was abrogated by the administration of anti-IFN-a/, (<6, <2, and <2 U, respectively). Three days after T. gondii infection (but not after 6 h, 12 h, 1 day, and 2 days), low but significant IFN activity appeared in the peritoneal cavities with concomitant augmentation in NK activities (Table 3) . Titers of the IFN activities were comparable between the infected bg/bg and bg/+ mice. The IFN titer in the bg/bg mice declined partly after administration of anti-IFN-ot/, (14 h before the assay, i.e., 2 days after the infection). Coincidentally with this finding, treatment at pH 2 reduced partly the IFN activity in the peritoneum of bg/bg mice and most of the peritoneal IFN activity of bg/+ mice. The inoculation of anti-IFN-o/,3 induced partial reduction of NK activity in the peritoneum of the infected bg/bg mice, suggesting that T. gondii-generated NK activity in the peritoneum of the bg/bg mice was, at least in part, mediated by IFN-al/. However, the same treatment did not alter the NK activities or IFN activity in the peritoneum of the infected bg/+ mice. Anti-IFN-ao/r also failed to influence splenic NK activities of both strains of mice.
DISCUSSION
Although the cooperative response of T lymphocytes and macrophages is thought to play a major role in resistance to infection with T. gondii (2, 32) , various nonspecific effects are induced in the host immune system by the parasite (10, 14, 25, (34) (35) (36) 39) . It can be argued that these immunologically nonspecific changes may have a pathogenic or supportive role in the defense against T. gondii itself (34) and secondary infection (10, 25, 39) . Previously (16, 17) we demonstrated that cytotoxic activity of mouse NK cells, which play an important role in resistance to neoplasms (13) and microbial infections (5, 23, 28) , was augmented strikingly in the early stage of T. gondii infection. However, profound suppression was revealed in the later stage of the infection. The effect of T. gondii infection on NK activity varied depending on the parasite strains, mouse strains, and routes of infection (12) . In the present paper, we studied the influence of T. gondii infection on NK cell activity in beige mutant mice.
Effector cells from the spleen, bone marrow, and peritoneal cavity of normal bg/bg mice, when compared with those from normal bg/+ mice, showed severely depressed killing of YAC-1 lymphoma cells, a standard target for mouse NK cells. Interestingly, however, spleen and bone marrow cells of bg/bg mice lysed thymocytes at a level comparable to Comparison of NK-augmenting effects in bg/bg mice induced by poly(I-C) and T. gondii. Phosphate-buffered saline (=; 3 days before) T. gondii (Toxo ; 3 days before), or 50 p.g of poly(I-C) (-; 2 days before) was inoculated intraperitoneally into 8 to 10 bg/bg mice. Effector cells were obtained from the spleen (Spc), bone marrow (Bmc), and peritoneum (Pec) and pooled, respectively. Target cells were YAC-1 (NK-YAC) and thymocytes (NK-THY). Effector/target cell ratios were as indicated in Fig. 1 In the target monolayer adsorption test with uninfected mouse spleen cells, no correlation between the target monolayers used and the remaining NK activity was observed, i.e., the YAC-1 monolayer depleted more effector cells than did the thymocyte monolayer. This finding confirms our previous results that lysis of both YAC-1 and thymocyte targets by endogenous NK cells was inhibited more strongly with YAC-1 competitor cells than with thymocyte competitor cells (17) . Thus, it was suggested that YAC-1 cells bound with high affinity to unactivated NK-THY as well as NK-YAC effector cells. In contrast, selective depletion was demonstrated with spleen cells from T. gondii-infected bg/bg and bg/+ mice, which were considered to be moderately activated. Splenic NK-THY effector cells from the infected mice were also selectively depleted irrespective of the unaltered lytic ability against thymocyte target. On the other hand, when highly activated peritoneal effector cells of infected mice were used, the effector cells were adsorbed strongly on both monolayers, and only a slight correlation was shown between the monolayers used and remaining cytotoxicities. These changes in the capacity of adhesion to target cells may reflect altered membrane composition of the effector cells.
A considerable titer of IFN was revealed in the peritoneal fluid of the infected bg/bg and bg/+ mice. Most of the peritoneal IFN activity in the infected bg/+ mice and part of that in the bg/bg mice was acid labile and unaffected by administration of anti-IFN-oa/3 serum, suggesting the presence of IFN--y. The appearance of -y-type IFN in T. gondiiinfected mouse peritoneum has also been indicated (10 There seems to be much controversy concerning whether NK cells contribute to the defense of T. gondii or related protozoan parasites. In Trypanosoma cruzi-infected mice (11) and human malaria patients (29) , no evidence was available that NK cells were responsible for the eventual fate of the hosts with respect to the infection. On the other hand, the resistance of mice to murine malaria (9) and leishmaniasis (20) 
